Recent studies have shown that infection with herpes simplex virus type 1 (HSV-1) strain 17 generates in addition to virions a novel type of non-infectious particle. These particles, termed L particles, lack capsids and viral DNA, and consist predominantly of tegument and envelope proteins. We show that L particle production is not restricted to one strain of HSV-1, and that pseudorabies virus and equine herpesvirus type 1 also release particles which are similar in composition to and morphologically indistinguishable from HSV-1 L particles. Data obtained from monoclonal antibody analysis revealed that Vmw175, an immediate early HSV-1 polypeptide which had been previously identified as a virion component, is located predominantly in L particles and not in virions. Following removal of the envelope from L particles, the remaining tegument material largely retained its structural integrity, indicating that the structure of the tegument does not depend on the presence of the capsid or envelope.
Introduction
There are four morphologically distinct components which make up the herpes simplex virus type 1 (HSV-1) virion: the core, capsid, tegument and envelope (Wildy et al., 1960; Roizman & Furlong, 1974; Dargan, 1986) . Of these components, the least well understood is the tegument, which appears as an amorphous region between the capsid and envelope in electron micrographs. The HSV-1 virion contains more than 30 proteins (Spear & Roizman, 1972; Heine et al., 1974; Marsden et al., 1976) , about half of which are probably located in the tegument. Although the size of the capsid is well conserved between herpesviruses, the dimensions of the tegument vary and appear to be determined at least in part by the virus (Nazerian & Witter, 1970; McCombs et al., 1971) . Little is known about the structural organization of the tegument although, following removal of the virion envelope with detergent, a significant proportion of the tegument remains attached to the capsid (Spear & Roizman, 1972; Vernon et al., 1982) . Moreover, Vernon et al. (1982) have suggested that the vertices of the capsid could provide points of attachment for the tegument.
For both HSV-1 and cytomegalovirus (CMV), infectious virions are not the only products of virus replication. In CMV infections two types of enveloped particle have been identified in addition to mature virions (Talbot & Almeida, 1977; Irmiere & Gibson, 1983) . These have been termed dense bodies and noninfectious enveloped particles (NIEPs). Recently, HSV-1 preparations have been shown to contain both infectious virions and non-infectious virus-like particles, termed L particles (Szilfigyi & Cunningham, 1991) . These particles lack both capsids and virus DNA. L particle preparations display only trace amounts of capsid proteins relative to infectious virions, but they do contain a full spectrum of envelope and tegument proteins. In addition, certain proteins are present in L particles which are not found in virions. Notable among these is an Mr 175 000 protein which has been tentatively identified as the immediate early (IE) protein Vmw175. Early studies (Spear & Roizman, 1972; Heine et al., 1974; Marsden et al., 1976) suggested that the structural protein VP4 was equivalent to Vmw 175. Recent analyses with monoclonal antibodies (MAbs) (Bibor-Hardy & Sakr, 1989; Yao & Courtney, 1989) have confirmed that Vmw175 is present in HSV-1 particle preparations.
In this paper, we present evidence that Vmw175 is predominantly a component of L particles and not virions. We also show that the production of L particles is not restricted to HSV-1, but is a feature of the two other alphaherpesviruses which were investigated, namely equine herpesvirus type 1 (EHV-1) and pseudorabies virus (PrV). Finally, electron microscopy (EM) studies show that, following removal of the envelope from HSV-1 L particles, the tegument displays considerable structural integrity.
Methods
Cells and viruses. BHK C13 cells were maintained in 80 oz. roller bottles in Glasgow modified Eagle's medium supplemented with 10~ calf serum. The viruses and virus strains used were HSV-1 strain 17 (Brown et al., 1973) , HSV-1 strain F (Ejercito et al., 1968) , PrV strain Ka (Kaplan & Vatter, 1959) and EHV-1 strain AB4 (obtained from E. Telford). For growth of HSV-1, PrV and EHV-1, BHK C13 cells were infected at a multiplicity of 1/300 to 1/1000 p.f.u./cell.
Purification and radiolabelling of virions and L particles.
Typically, five to 10 roller bottles of cells were infected for 2 to 3 days at 37 °C until c.p.e, was complete. Virus was purified, and virions and L particles were separated on 5 to 15~ Ficoll gradients as described previously (Szil~igyi and Cunningham, 1991) . To radiolabel virions and L particles, medium from cells infected for 24 h was replaced with 25 ml medium containing one-fifth of the normal concentration of methionine and 1 mCi [3sS]methionine was added to each roller bottle.
PAGE, silver staining and Western blottin~-Proteins were separated on polyacrylamide gels cross-linked with 2.5% (w/w) diaUyltartardiamide using the buffer system described by Laemmli (1970) . Proteins were detected by either autoradiography or silver staining as described by McLean et al. (1990) . For Western blot analysis, proteins were separated on 7.5 ~ polyacrylamide gels and transferred to a nitrocellulose membrane (Towbin et al., 1979) . The nitrocellulose membrane was incubated with anti-Vmw175 antibody 58S (Showalter et al., 1981) at a dilution of 1/100 for 16 h at 37 °C. Bound antibody was detected with aBio-Rad Immun-Blot goat anti-mouse IgG-horseradish peroxidase: assay kit according to the manufacturer's instructions.
Solubilization of virion and L particle proteins. To remove envelope components, virions and L particles were resuspended in TNE (10 naMTris-HCl pH 7.4, 100 mM-NaC1, 1 mM-EDTA) and NP40 was added to a final concentration of 1% at 0 °C for 20 to 30 min. Supernatant and pellet fractions were prepared by centrifugation at 14000 r.p.m, for 5 rain in an MSE microfuge. In experiments in which the concentration of NaC1 varied, virions and L particles were resuspended in TNE plus 1% NP40. NaCI was added to the appropriate final concentration. For EM analysis, NP40-treated virions and L particles were loaded onto 14 ml sucrose gradients (10 to 40%) containing 0-1% NP40 in PBS. Gradients were run at 38000 r.p.m, for 2 h at 4 °C in a Sorvall Tst41 rotor. Bands were collected by side puncture, diluted with PBS and pelleted by centrifugation at 20000 r.p.m, for 2 h at 4 °C. The resultant pellets were slowly resuspended in 100 ~tl of modified medium (culture medium without phenol red or calf serum).
EManalysis. Virions and L particles were negatively stained with 1 phosphotungstic acid as described previously (Rixon et al., 1990) .
Bands corresponding to virions and L particles were clearly identified and were quantitatively comparable to those from strain 17-infected cells (data not shown). The protein profiles of virions and L particles were similar for the two virus strains, apart from minor differences in the mobility of certain polypeptides due to inter-strain variation ( Fig. 1 ; Heine et al., 1974) . EM analysis also revealed that strain F L particles were of similar size and shape to those of strain 17 (data not shown). Thus the production of L particles is not specific to HSV-I strain 17.
Our analysis was extended by investigating the production of L particles by other members of the alphaherpesvirus family. Cells were infected with EHV-1 or PrV, and the virus preparations were analysed on Ficoll gradients using conditions identical to those for the purification of HSV-1 virions and L particles. For each virus preparation, two bands were observed, a sharp, lower band and a diffuse, upper band. EM analysis revealed that the lower band consisted of virions whereas the upper band comprised particles that lacked capsids and were essentially indistinguishable from HSV-1 L particles (data not shown); hereafter, these will be referred to as EHV-1 or PrV L particles. The composition of EHV-1 and PrV virions essentially corresponded to those described previously (Fig 1; see Killington et al., 1977) . The most striking difference between the polypeptide patterns of HSV-1 virions and L particles is the virtual lack of the major capsid protein, Vmw155, in L particles ( Fig. 1 ; Szil~tgyi & Cunningham, 1991) . The corresponding proteins in EHV-1 and PrV have Mrs of 150 000 and 145 000 respectively. Comparisons of the polypeptide profiles of virions with those of L particles revealed that the PrV and EHV-1 major capsid proteins were again considerably under-represented in L particles compared to virions (Fig. 1 ). Other virion polypeptides also were greatly reduced in PrV (apparent Mrs of 135000, 108000, 82000, 69000 and 42000) and EHV-1 (apparent Mrs of 138000, 126000, 80000, 67000 and 50 000) L particles, some of which are presumed to be capsid components (Fig. 1) . Thus, on the basis of composition and morphology, the HSV-1, PrV and EHV-1 L particles appear to constitute a single class of non-infectious particle.
Results

L particles are produced by several alphaherpesviruses
In their study, Szilhgyi & Cunningham (1991) identified L particles released from ceils infected with HSV-1 strain 17. To show that their production is not HSV-1 strain-specific, virus preparations from cells infected with HSV-1 strain F were analysed on Ficoll gradients.
Identification of Vmw175 in L particles
Previous studies have revealed the presence of a polypeptide of Mr 175000 in purified virus preparations and recent immunological analysis of virions purified from sucrose gradients has shown that this protein is Vmw175, the IE trans-activating polypeptide (BiborHardy & Sakr, 1989; Yao & Courtney, 1989 virions and L particles purified from Ficoll gradients has indicated that a protein of Mr 175 000 is predominantly associated with L particles and is not abundant in virions (Fig. 1; Szil/tgyi & Cunningham, 1991) ; this is also the case for strain F (Fig. 1) .
To confirm that the Mr 175000 polypeptide is Vmw175, 50 txg samples of virions and L particles were separated on a 7.5~ polyacrylamide gel and transferred to a nitrocellulose membrane (Fig. 2, lanes 1 and 3,  respectively) . Western blotting with anti-Vmw175 MAb 58S (Showalter et al., 1981) revealed a band of Mr 175000 in L particles (Fig. 2, lane 4) . Virion preparations contained a band of identical size but in considerably smaller quantities (Fig. 2, lane 2) . Bands of this Mr were never detected with a panel of other MAbs (data not shown). It is known that preparations of virions and L particles are cross-contaminated and this probably explains the small quantity of Vmw175 in the virion sample. The amount of Vmw175 in our L particle preparations was approximately the same as that found in virions purified on sucrose gradients, which do not Odd-n_umbered lanes show the polypeptides present in pelleted fractions and even-numbered lanes indicate those contained in supernatant fractions. For each pair of lanes, virions and L particles were treated with NP40, and NaC1 also was present at different concentrations: lanes 1 and 2, 0-1 M-NaC1; lanes 3 and 4, 0.5 M-NaCI; lanes 5 and 6, 1.0 M-NaCI; lanes 7 and 8, 2-0 M-NaC1.
separate L particles from virions (data not shown). Moreover, our EM studies revealed that virus preparations purified using the sucrose separation method described by Yao & Courtney (1989) contain a mixture of virions and L particles (Fig. 4e) . Interestingly, PrV L particles contained a polypeptide of approximate Mr 180000 which is considerably less abundant in virions (Fig. 1) . This protein could well be the PrV IE equivalent (PrV IE180) of HSV-1 Vmw175 (Ihara et al., 1983; Vlcek et al., 1989) . The gene equivalent to Vmw175 in EHV-1 specifies four antigenically related products, ranging in size from Mr 125000 to 200000 (Caughman et al., 1985 Robertson et al., 1988; Grundy et al., 1989) . Analysis of EHV-1 L particles failed to reveal any high M r polypeptides which were absent from virions. Further immunological analysis will be necessary to ascertain conclusively whether these IE proteins are located in PrV and EHV-1 L particles.
Removal of envelope proteins from L particles reveals structural integrity of the tegument
In an attempt to determine whether the Vmw175 product present in L particles retained its DNA-binding ability, L particles were partially solubilized with 1% NP40. After centrifugation at 14000 r.p.m, for 5 min, Vmw175 was found exclusively in the pellet (Fig. 3a, lane 7) . Yao & Courtney (1989) reported similar results following treatment of their virion preparations with Triton X-100. On the basis of this and other experiments, they concluded that Vmw175 is a tegument protein. The absence of capsids from L particles and our inability to remove Vmw175 along with known envelope proteins confirms the location of Vmw175 in the tegument compartment. Only under harsh conditions (e.g. 1 ~ SDS or 2.0 M-guanidinium hydrochloride) does Vmw175 fail to pellet (data not shown). This inability to achieve selective solubilization of Vmw175 has thus far prevented analysis of the DNA-binding activity associated with Vmw175 in L particles.
As shown in Fig. 3 (a) , lane 7, following treatment of L particles with NP40 a large number of other polypeptides were retained in the pelleted fraction in addition to Vmw175. Indeed, the profiles of supernatant and pelleted material were similar for NP40-treated virions and L particles; the only major differences could be accounted for by the presence of capsid proteins in virions and Vmw175 in L particles (Fig. 3a, compare  lanes 3 and 7) . Detergent treatment selectively removed most of the glycoproteins, although certain tegument proteins were also partially solubilized, notably Vmw65 (~-TIF; Fig. 3 a, lanes 4 and 8) . However, in each case a core of proteins pelleted despite the fact that L particles lacked capsids to act as a site of attachment for tegument proteins. The supernatant fraction also routinely contained additional abundant species with Mrs of 115 000 and 43 000 which were not present in untreated virions and L particles (Fig. 3a, lanes 4 and 8) . These novel species presumably were generated by breakdown of larger proteins, possibly glycoproteins. Treatment of virions and L particles with either zwitterionic (10 mM-CHAPS) or other non-ionic detergents (0.025~o digitonin, 25 mM-n-octyl fl-D-glucopyranoside) yielded essentially similar results to those shown in Fig. 3 (a) (data not  shown) .
Changes in the solubility of proteins were examined by the addition of increasing concentrations of NaC1 to particles in the presence of NP40 (Fig. 3b and c) . NaCI concentrations of 0.5 M and 1.0 M partially removed Vmw81/82 and Vmw40 from both virions and L particles ( Fig. 3 b and c, lanes 1 to 6) ; at the lowest concentration of NaC1 (0.1 M), these proteins were pelleted. The higher salt concentrations also released increased levels of Vmw65 from particles. At the highest salt concentration (2.0 M), significant proportions of Vmw155, Vmw50 and Vmw37 were removed from virions, indicating breakdown of the capsid structure (Fig. 3b, lanes 7 and 8) . Previous results have indicated that Vmw81/82 and Vmw40 are components of the tegument and are common to both virions and L particles (Braun et al., 1984; McLean et al., 1990; Szil/tgyi & Cunningham, 1991) . Our data show that the relative quantities of Vmw81/82 and Vmw40 released by each treatment were similar for both virions and L particles. This suggests that any structural role performed by these tegument proteins and those retained in pelleted material is not dependent on the presence of capsids. Moreover, these proteins may play a similar role in any structural features of the tegument and some of these features may be conserved in both virions and L particles.
In view of the observation that tegument proteins in L particles were not completely solubilized following detergent treatment, it was of interest to determine the nature of the residual material. However, following NP40 treatment and immediate pelleting both virions and L particles were heavily aggregated, rendering visualization of individual particles extremely difficult. In an attempt to improve their isolation, virions and L particles which had been treated with 1 ~ NP40 were rebanded on sucrose gradients. Detergent-treated L particles sedimented as a diffuse band, whereas in gradients of detergent-treated virions a major, sharp band was observed, and below this were up to three minor bands. The protein profiles of this major virion band and that of the L particles were essentially identical to those of the pelleted material shown in Fig. 3 (a) lanes 3 and 7 (data not shown). EM examination of deenveloped virions revealed the presence of capsids surrounded by tegument-derived material, similar to structures described previously ( Fig. 4b ; Spear & Roizman, 1972; Vernon et al., 1982) . De-enveloped L particle preparations displayed considerable uniformity (Fig. 4d) and their sizes were similar to those of enveloped L particles (compare Fig. 4c and at) . They had no clearly defined regular structure, but at high magnification they exhibited a granular appearance which is similar to that of tegument attached to capsid (Fig. 4b) .
Discussion
The identification of L particles in preparations of HSV-1 raised interesting questions with regard to the pathway of assembly of virus particles (Szilhgyi & Cunningham, 1991) . However, whether L particle production is a general feature of other herpesviruses or unique to HSV-1 strain 17 was not determined. In this report, we have shown that L particles are released from cells infected with a second HSV-1 strain (strain F) and at least the two other alphaherpesviruses examined by us (PrV and EHV-1). The size, morphology and quantity of L particles were similar for each of the viruses examined. In each case they appeared to consist solely of tegument and envelope material, with a protein composition which reflected that of the appropriate virions apart from the lack of capsid proteins.
Given that all of the alphaherpesviruses tested produced L particles, it seems likely that similar particles will be detected with other members of the alphaherpesviridae, and this may prove to be a common feature of alphaherpesvirus infections. Indeed, studies with bovine herpesvirus type 1 (BHV-I) have shown that virus preparations purified on potassium tartrate gradients yield two peaks (Misra et al., 1981) . As with HSV-1 virions and L particles, the slower migrating peak contained significantly reduced quantities of BHV-1 capsid proteins and lacked DNA, whereas most other polypeptides were common to both peaks. The fact that L particles with common properties are produced by a number of distantly related alphaherpesviruses suggests that their production either has a functional role or is a direct consequence of the pathway of virus assembly.
Our analysis has not been extended to include betaand gammaherpesviruses, although CMV-infected cells do produce particles (termed dense bodies) which lack capsids (Talbot & Almeida, 1977; Irmiere & Gibson, 1983) . Dense bodies are considerably larger than CMV virions and have a simpler composition, consisting predominantly of an Mr 69K matrix protein (Irmiere & Gibson, 1983) . CMV infection also generates a second type of non-infectious enveloped particle (NIEP) (Irmiere & Gibson, 1983) . NIEPs contain all structural components of the CMV virion, including the capsid, but lack DNA and resemble the enveloped empty capsids observed in preparations of HSV-1 virions (Schrag et al., 1989) . Different strains of human CMV produce variable amounts of NIEPs, and they were not detected in infections with simian CMV strains (Irmiere & Gibson, 1983) . From these observations, it follows that neither CMV dense bodies nor NIEPs are identical in structure to the L particles described here.
Szil/tgyi & Cunningham (1991) identified a polypeptide of Mr 175 000 in L particles which they suggested to be Vmw175. Previous evidence from virus preparations purified on sucrose gradients led to the conclusion that Vmw 175 was a component of virions. However, our data confirm that Vmw175 is present predominantly in L particles and the presence of small quantities of Vmw 175 in our virion preparations may well just result from contamination with L particles. Interestingly, the equivalent PrV polypeptide (PrV IE180) also appears to be a component of PrV L particles, although this has not been established definitely by us. Thus, the signals which are required for the inclusion of these IE polypeptides in L particles could be conserved between these different viruses. The mechanism by which Vmw175 is incorporated into L particles is not known. However, recent evidence has shown that Vmw175 is associated with the plasma membrane and can be packaged into vesicular stomatitis virus virions (Yao & Courtney, 1991) . This may provide some indication as to the site of assembly of L particles.
Following removal of the envelope from L particles, the size and shape of the residual material in particles were not significantly altered, indicating that the tegument has a considerable degree of structural integrity which is not dependent on either the envelope or capsid. Moreover, these particles were at least as stable as virions following removal of the envelope. The nature of the tegument and the process by which it is acquired by virions is poorly understood. Previous studies which demonstrated the retention of a recognizable shape of the tegument after removal of the envelope led to the suggestion that the tegument has structural integrity and exists as a defined layer of amorphous material attached to the capsid (Vernon et al., 1982) . However, the tegument can clearly exist as a defined structure in the absence of the capsid. The uniformity and consistency of composition of the tegument would indicate that it is assembled in a regulated fashion. At present, the factors that influence assembly are not known, but the isolation of mutants which do not express certain tegument protein genes suggest that these proteins do not play an essential role in determining the structure of the tegument (Read & Frenkel, 1983; Umene, 1986; Longnecker & Roizman, 1986; McLean et al., 1989; Fenwick & Everett, 1990; Zhang et al., 1991; C. A. MacLean, personal communication) .
Although the production of L particles could be postulated to arise through the loss of capsids from virions, it is interesting to consider the possibility that the tegument can self-assemble and acquire an envelope independently of capsids. In this case, all the signals necessary for this process would be contained within the tegument proteins. We have performed studies to determine whether L particles can assemble independently (Rixon et al., 1992) .
